Vertical farming is one of the suggested avenues for producing food for the growing world population. Concentrating the cultivation of crops such as herbs in large indoor farms makes food production susceptible to technical, biological or other problems that might destroy large amounts of food at once. Thus, there is a trend towards locally, self-sufficient food production in vertical systems on a small scale. Our study examined whether conventional knitted fabrics, such as patches of worn jackets, can be used for hydroponics instead of the specialized nonwoven materials used in large-scale indoor systems. To this end, seed germination and seedling growth of 14 different crop plant species on knitted fabrics with three different stitch sizes were compared. Our results showed that hydroponic culture on knitted fabrics are indeed possible and allow for growing a broad spectrum of plant species, suggesting recycling of old textile fabrics for this purpose. Among the 14 plant species studied, differences in germination success, average fresh and dry masses, as well as water contents were found, but these parameters were not affected by knitted fabric stitch size.
Introduction
In a climatically unreliable world, the requirement of feeding the growing number of people on earth becomes more and more challenging. Especially for cities, where agricultural production is farther away than from small villages, alternatives to common agricultural systems such as soilless cultivation may help provide food [1, 2] and produce functional foods [3, 4] .
One of the alternative systems which has been developed recently is vertical farming, i.e., growing plants typically in large indoor farms [5] in hydroponic, aeroponic or aquaponic systems which are vertically stacked [6] . Vertical farming approaches allow for increasing crop yield per unit area [7] .
Vertical farming has several advantages compared to conventional agriculture, such as reduced agricultural land use and correspondingly, more area available for natural ecosystems and associated ecosystem services, increased reliability of plant growth and harvest, reduced costs for storing and transporting food, reduced use of fertilizers and pesticides, and reduction of water consumption due to water recirculation [8] . Nevertheless, it should not be forgotten that there may also be disadvantages with vertical farming, such as high energy consumption for illumination and/or heating, inefficient use of space for important staple crops like wheat or corn, and possible economic ramifications due to the demand for space needed for vertical farming within cities.
Materials and Methods
To enable comparison with a previous investigation of vertically mounted knitted fabric [18] , the same fabrics were used here and consisted of polyacrylonitrile yarn (fineness 22/2, i.e., two threads with a linear weight of 1 g per 22 m each). Single-jersey samples of 5 cm × 5 cm were knitted on a hand flat knitting machine Silver Reed SK 280 (Knittax, Darmstadt, Germany) with needle gauge E5.6 (needle distance of 4.5 mm). Machine-specific stitch dimensions of 3, 5, and 7 (on a scale from 1-10) were used, resulting in the fabric parameters shown in Table 1 . These dimensions were well knittable, without the danger of yarn break (for smaller stitch dimensions) or creating an overly loose fabric (for larger stitch dimensions). The areal weight was measured on an analytical balance SE-202 (VWR International GmbH, Darmstadt, Germany), while a digital gauge J-40-T (Wolf-Messtechnik GmbH, Freiberg, Germany) was used for thickness evaluation. Course and wale densities were investigated using a digital microscope VHX-600K (Keyence, Neu-Isenburg, Germany). All samples were coated with Konjac Gum Powder (Special Ingredients, Chesterfield, UK), using a solution of 20.8 g/L in water, applied using a doctor blade. Konjac glucomannan is a polysaccharide strongly gelatinizing and binding water, extracted from Amorphophallus konjac [19] and often used in the food industry [20] . Before drying of the coating, 100 seeds were individually weighed to obtain mass per seed (Table 2) , and then seeds of each plant species were placed in matrices of mostly 3 × 3 or 3 × 2 seeds on fabric samples with stitch sizes 3, 5, and 7. The following plant species were investigated: Either 9 seeds per sample (spinach A, chive, Chinese cabbage and garden parsley), 1 seed per sample (corn and pumpkin) or 6 seeds per sample (all other species) were placed on the coated knitted fabrics, depending on the dimensions of the seeds and the expected plant growth. Finally, the coating with seeds was left to dry at room temperature.
Our main goal was to evaluate which species may generally be suitable for growing on textile fabrics in a hydroponic system in this first proof-of-principle study. We assumed that possible variations due to different seed batches, varying seasons, etc., would not change the results determining which species were in general suitable to be grown in such a system. To this end, this first test series was performed as one experiment with sufficient seeds per plant species (except for corn and pumpkin) to calculate reliable mean values and standard deviations.
The hydroponic test stand is shown in Figure 1 . Using chicken wire, the textile fabrics were held at a constant water level in the upper boxes, with the lower box serving as a reservoir. A Heissner smartline HSP600-00 pump (Heissner, Lauterbach, Germany) was used to ensure slow water circulation in order to avoid the spread of possible contamination of the water reservoirs with microalgae or mold fungi, as successfully tested in prior experiments. Inside the boxes, water was used with a water hardness level of 16 • d, i.e., 16 degrees of hardness, or what is considered "hard" water. Nutrients were not added to the tap water since only the germination process and early growth phase were examined for which the nutrient supply from the seeds was expected to be sufficient. Illumination was provided by 2 LED tubes (TubeKIT LED 1.5 m 21.5W/830, Osram, Munich, Germany) with a 150 cm length, color temperature of 3000 K, 21.5 W power, 150° angle of irradiation and luminous flux of 1890 lm, using 16 h light and 8 h dark periods, which provided low light intensities of 8.1 W/m² ± 1.7 W/m 2 , as measured by a solarimeter (KIMO SL-200, Kimo Instruments, Chevry-Cossigny, France). These light intensities are similar to the light compensation point of many crop plant species, e.g., radish at 7 W/m 2 [21] , so that only a small increase in dry mass was expected due to low photosynthetic CO2 assimilation rates. Such low-light conditions are of interest economically in order to reduce the energy needed for illumination of a hydroponic system, especially in an environment where no specialized lamps would be added to commonly-used lighting due to cost. The lights were, nevertheless, sufficient to induce phototropism and thus oriented growth of the stems towards the light sources and allowed photosynthetic compensation of the respiratory loss of CO2 [22] . These low light intensities were chosen to evaluate the germination process under low-energy consumption and thus under relatively sustainable conditions. [21] , so that only a small increase in dry mass was expected due to low photosynthetic CO 2 assimilation rates. Such low-light conditions are of interest economically in order to reduce the energy needed for illumination of a hydroponic system, especially in an environment where no specialized lamps would be added to commonly-used lighting due to cost. The lights were, nevertheless, sufficient to induce phototropism and thus oriented growth of the stems towards the light sources and allowed photosynthetic compensation of the respiratory loss of CO 2 [22] . These low light intensities were chosen to evaluate the germination process under low-energy consumption and thus under relatively sustainable conditions. Plant growth was evaluated after 31 d. Fresh shoot tissue biomass of each seedling, cut directly above the textile fabric and after wiping it dry, was quantified on an analytical balance [10] . For drying, the tissues were put into a universal heating cabinet UN 75 (Memmert, Schwabach, Germany) at 60 • C for 48 h and then weighed.
Percent germination, and fresh and dry masses were compared. Calculations were performed using IBM SPSS Statistics 26 for the case of nonhomogeneous variances, and means were compared using paired comparisons by Student t-test at P < 0.05.
Results and Discussion
The percent germination of each species per textile fabric are presented in Table 3 . At the end of the experiment, it could clearly be distinguished whether a seed germinated or not, in contrast to the first days when only the radicle of the seedling became visible. Firstly, it was clear that for dill, savoy cabbage, carrot and lettuce, all seeds germinated. This was also true for pumpkin and corn; however, it must be kept in mind that there was only one seed per textile sample of these large-seeded species.
Both varieties of spinach had the lowest germination percentages. The missing standard deviations for some of the species due to identical germination on all three knitted fabrics, combined with the relatively small number of seeds, reduced the reliability of the stochastic assessment. Nevertheless, the differences between the several species with approx. 100% germination and a few species with very low germination, such as spinach, were obvious.
For the different stitch sizes of the knitted fabrics, no significant differences occurred, as visible by the overlapping standard deviations. As was expected, the dimensions of the pores or holes in the substrate are irrelevant for the germination process.
To determine if pore size affected seedling growth after germination, fresh and dry masses were evaluated independently for the three different stitch sizes, as presented in Tables 4 and 5 , respectively. Table 4 shows the average fresh mass of the plant shoots, cut directly at the surface of the textile substrates. Stitch size had no effect on fresh mass across species. It can be assumed that the pores between the knitted yarns were in all cases large enough to allow the roots to penetrate through them without a problem. This finding underlines that the knitted fabrics examined here, using an intermediate machine fineness similar to the size usually used for knitted jackets, are well suited for growth of a broad spectrum of species. Table 4 . Fresh masses per seedling of shoot tissue above the textile fabrics, sorted by the average fresh mass. An * indicates the two pumpkin seedlings whose integuments were still attached and which thus were included in the mass. It should be mentioned that calculating the individual biomass per plant by subtracting the seed mass from the full plant (dry or fresh) mass, as suggested by Lennard and Ward [10] , was not possible since the roots were fixed inside the textile fabrics and were thus prone to being damaged or even broken during removal from the substrates. As an example, Figure 2 shows the roots of savoy cabbage after the end of the experiment. since the roots were fixed inside the textile fabrics and were thus prone to being damaged or even broken during removal from the substrates. As an example, Figure 2 shows the roots of savoy cabbage after the end of the experiment. Dry masses are often a better estimate of the growth success. Therefore, dry masses were also determined for the different species grown on the fabrics ( Table 5 ). The order of the species, sorted by dry mass, did not significantly change. Again, the values averaged over the fabrics with equal stitch sizes were similar to the results of the fresh mass evaluation. This confirmed that knitted fabrics of different stitch sizes are suitable as germination and early growth substrates for diverse plant species. Table 6 presents the dry mass as percentage of wet mass. Generally, this value was always in the order of magnitude of 10%. There was possibly a tendency for the plants with higher relative dry mass to have a higher percent germination (Table 3) . Again, no significant effect of the stitch dimension was evident. One possible effect on seedling growth, wet and dry mass, might be expected due to the group of angiosperms to which the species under investigation belong, i.e., monocots (corn and chive) or dicots (all other species) since this difference defines the shape of the root. Monocots usually have Dry masses are often a better estimate of the growth success. Therefore, dry masses were also determined for the different species grown on the fabrics ( Table 5 ). The order of the species, sorted by dry mass, did not significantly change. Again, the values averaged over the fabrics with equal stitch sizes were similar to the results of the fresh mass evaluation. This confirmed that knitted fabrics of different stitch sizes are suitable as germination and early growth substrates for diverse plant species. Table 6 presents the dry mass as percentage of wet mass. Generally, this value was always in the order of magnitude of 10%. There was possibly a tendency for the plants with higher relative dry mass to have a higher percent germination (Table 3) . Again, no significant effect of the stitch dimension was evident. One possible effect on seedling growth, wet and dry mass, might be expected due to the group of angiosperms to which the species under investigation belong, i.e., monocots (corn and chive) or dicots (all other species) since this difference defines the shape of the root. Monocots usually have many similar fine roots and are homorhizous, while dicots display a main root and lateral roots of first, second and third order and are heterorhizous. Comparing the two monocots in this study with the dicot species, however, showed differing fresh and dry masses for the monocots (the germination success cannot be compared due to the low number of seeds for corn), while they were both at similar percentage dry mass values. Some plant species depend on light for germination, i.e., lettuce, common basil, dill and carrot. However, the required light intensity is extremely low and triggers cell communication and is not required as an energy source. Thus, light-dependent germination is triggered by the phytochrome system which responds to low red light quantities [30] . This feature may explain why lettuce, carrot and dill showed 100% germination; only germination of common basil was below average. Stronger illumination, significantly above the light compensation points, should be used in follow-up studies to investigate longer-term seedling growth on the fabrics.
Species
In summary, the stitch size of the knitted fabrics did not influence the growth of the seedlings during the first 31 days.
Conclusions
Different plant species were investigated for germination and growth on knitted fabrics in hydroponic systems. Importantly, each fabric supported growth of the various plant species for 31 d after germination, underlining the general possibility of using knitted fabrics as substrates in vertical farming. It was also shown that this could be used for all plant species in the study so that a broad range of species can be expected to be able to grow on knitted fabrics in a hydroponic system. The percentage germination, average fresh and dry masses as well as the relative dry masses, were not affected by the knitted fabric stitch size. Light levels will be tested in detailed follow-up studies to evaluate whether weak indoor light is sufficient for plant growth in a textile-based hydroculture, in this way possibly enabling vertical farming in private households without the necessity of applying additional light and thus additional energy. 
